The angiotensin I-converting enzyme (ACE) inhibitory activity and hypocholesterolemic effect of Achatina fulica snail foot muscle protein hydrolysates (SFMPH) and its hydrolysates were studied. The SFMPHs were prepared at a temperature of 121°C for 60 min. To obtain the enzymatic hydrolysates, the SFMPHs were further hydrolysed with three proteases (papain, trypsin, or alcalase). Among all the hydrolysates, alcalase hydrolysate showed the highest degree of hydrolysis and was dominated by a small molecular size fraction (189-686 Da). The SFMPH treated by alcalase was effective in disintegrating intact cholesterol micelles. Furthermore, alcalase hydrolysate with a hydrolysis time of 60 min showed a strong ACE inhibitory activity in vitro with an IC 50 of 0.024 mg/mL. Therefore, alcalase hydrolysate may be a promising ingredient for the use in functional foods.
Introduction
The development of specific food-derived protein hydrolysates is of great interest to the food industry because of their physiological effects and nutritional value. [1] Many studies have focused on the functional properties of protein hydrolysates in order to understand their application in food formulation. [2] Protein hydrolysates can be used as additives in food products to improve their functional properties, such as the fat adsorption capacity, foaming, and emulsifying capacity. High-temperature treatment and subsequent enzymatic hydrolysis are believed to be a better way to covert proteins into hydrolysates. [3] Such hydrolysates have been reported to possess multifunctional properties, such as antioxidative, antihypertensive, and cholesterol-lowering activities, and to act as beneficial physiological modulators of metabolism in the human body. [4] These facts signify that during hydrolysis processes the proteolytic system contributes to the liberation of bioactive peptides from natural protein sources. Protein hydrolysates obtained with different proteases are diverse in their functional and bioactive properties. Among these, antihypertensive and hypocholesterolemic peptides have recently received attention due to their significant effects on cardiovascular function in rodents. [5] Hypercholesterolemia, the presence of a high level of total cholesterol in the bloodstream, increases the risks of heart disease and atherosclerosis. Regarding antihypertensive activity, angiotensin I-converting enzyme (ACE) plays an important role in the regulation of blood pressure. It catalyzes both the production of the vasoconstrictor angiotensin II and inactivation of the vasodilator bradykinin; [6] hence, the inhibition of ACE activity is a major target in the prevention of hypertension.
The functional and bioactive properties of the hydrolysates depend on the specificity of the enzyme, amino acid composition, degree of hydrolysis, and peptide size. [7] Previous studies have been conducted on animal or plant protein hydrolysates produced with various enzymes, such as gastric and pancreatic enzymes. [8, 9] Protein hydrolysis produces different peptide sizes according the extent of hydrolysis. Thus, selective enzymatic hydrolysis under controlled conditions is the key to improving the functional and bioactive properties of a variety of plant or animal protein sources. To date, commercial proteases such as pepsin, trypsin, and alcalase have been reported to produce protein hydrolysates with various types of bioactivity.
Snails are presently utilized for food and cosmetics. In Taiwan, snails are considered a delicacy in certain seafood restaurants, where they are typically cooked in stews or sautéed. Achatina fulica Bowdich, the giant African snail, is a pest inhabiting vegetable gardens and agricultural fields. [10] Our previous study has shown that the foot muscle of A. fulica is particularly rich in protein (65.6% dry weight) and thus could be a promising source of animal protein. The A. fulica foot muscle can be converted into value-added protein hydrolysates by high-temperature treatment following enzymatic hydrolysis, which can contribute to improved functional properties or bioactivities. Many studies have been conducted to produce protein hydrolysates from marine sources produced with various enzymes, with a strong focus on bioactivity. [2] However, no information has been reported on protein hydrolysates from A. fulica snail foot muscle and their characterization. Therefore, the aim of this study was to prepare protein hydrolysates of A. fulica snail foot muscle using high-temperature pretreatment combined with enzymatic hydrolysis and to evaluate their functional properties, in vitro hypocholesterolemic effect, and ACE inhibitory activity.
Materials and methods

Materials
Fresh A. fulica snails were purchased from markets in Kaohsiung, Taiwan. An average of 10 snails (15 g per snail) was used for preparation of protein hydrolysates. After the shells were removed, the snail foot muscle were collected, washed, packed in polyethylene bags, and stored at -20°C until use.
Preparation of snail foot muscle protein hydrolysates
The frozen snail foot muscle was thawed to 4°C with tap water, immersed in 6% phosphoric acid with a skinto-solution ratio of 1:4 (w/v) and hydrolysed by retorting in an autoclave (HA-300M, Hirayama, Japan) at 121°C for 60 min. After filtration with metal sieve, the pH value of the retorted solution was 1.8-2.0. The solution was then neutralized with saturated Ca (OH) 2 to pH 7. To remove insoluble precipitates, the neutralized solution was filtered again through a Buchner funnel with Toyo No. 5A filter paper. The filtrate was lyophilized to obtain dry powder, which is referred to hereinafter as "SFMPH."
Preparation of enzymatic hydrolysates
A dry SFMPH sample (1 g) was separately hydrolysed using various enzymes such as papain (pH 2.0, 37°C ; P3375, Sigma, St. Louis, MO, USA), trypsin (pH 8.0, 50°C; 203-09893, Wako, Osaka, Japan), and alcalase (pH 8.0, 50°C; commercial enzyme) with a substrate-to-enzyme ratio of 50:1 (w/w) under optimum pH and temperature conditions for 0, 15, 30, and 60 min. After hydrolysis, the enzymatic mixture was heated at 100°C to inactivate the enzyme. After centrifugation at 5000g for 10 min at 4°C, the supernatant was lyophilized and stored at -20°C until use. A control sample (without added enzyme) was performed using the same procedure.
Determination of degree of hydrolysis
Following the method of Hoyle and Merritt, [11] the DH was determined by measuring the nitrogen content soluble in 10% trichloroacetic acid. The SFMPH and its enzymatic hydrolysate samples were dissolved in distilled water at a concentration of 10 mg/mL, and then 10 mL of the resulting solution was mixed with 10 mL of 20% trichloroacetic acid (TCA) to obtain 10% TCA-soluble nitrogen. The mixture was centrifuged at 5000g for 15 min, and the supernatant was decanted and analyzed for nitrogen content by Kjeldahl method. [12] The DH was calculated as follows:
Total N in the sample Â 100
Molecular size distribution
Molecular size distributions of the SFMPH and its enzymatic hydrolysate samples were determined by gel permeation chromatography using a Hitachi 2130 HPLC system equipped with a Superdex peptide ® 10/300 column (10 × 300 mm, Amersham Pharmacia Biotech, Uppsala, Sweden). Chromatography was carried out using 0.02 M phosphate buffer (pH 7.2) as a mobile phase. An injection volume of 20 μL of each sample solution (2 mg protein/mL), a flow rate of 0.5 mL/min, and absorbance at 214 nm were used in the analysis. The molecular weight standard distributions were determined using the following standards: trypsin inhibitor (20 kDa . For quantitative determinations of molecular weight distribution (%), the peak area in the HPLC chromatograms was integrated in reference to the peak area of the standard proteins, using Hitachi EZChrom Elite 3.1 chromatography data system software.
Fat adsorption capacity
The fat adsorption capacity was measured following the method of Chalamaiah et al. [13] with minor modifications. One gram of the SFMPH and its enzymatic hydrolysate samples were deposited in a 50 mL centrifuge tube, into which 10 mL sunflower oil was added. The mixture was stirred at room temperature for 30 min and centrifuged at 1500g. The volume of the supernatant was recorded and the fat adsorbed by the sample was expressed as grams of fat adsorbed per gram of dry hydrolysate.
Emulsifying capacity
The emulsifying capacity was measured according to the method of Chalamaiah et al. [13] with minor modifications. One gram of the SFMPH and its enzymatic hydrolysate samples were dispersed thoroughly in 25 mL of distilled water, followed by addition of olive oil (5 mL). The mixture was homogenized at 9500 rpm for 1 min using a homogenizer (Ultra-Turrax T25-S1, IKA-Labortechnik, Staufen, Germany). The portion of emulsion was decanted into a 25 mL cylinder and the total volume was read after 30 s. The emulsifying capacity was expressed as millilitres of oil emulsified per gram of dry hydrolysate.
Foaming properties
The foam capacity (FC) and foam stability (FS) of the SFMPH and its enzymatic hydrolysate samples were measured according to the method of Chalamaiah et al. [13] with minor modifications. One gram of the SFMPH sample was dispersed in 100 mL distilled water and homogenized at 8000 rpm for 1 min using a homogenizer (Ultra-Turrax T25-S1, IKA-Labortechnik, Staufen, Germany). The whipped sample was immediately transferred into a 250 mL cylinder and the total volume was read after time intervals of 15, 30, and 90 min. The FC and FS were calculated using the following equations:
where V T is total volume after whipping, V 0 is the original volume before whipping, and V t is the total volume after standing at room temperature for 15, 30, and 90 min.
Determination of disintegration of cholesterol micelles
A dietary mixture of cholesterol micelles was prepared according to the method of Raederstorff et al. [14] The solution was incubated at 37°C for 24 h. Subsequently, 0.2 mL of sample solution (20 and 80 mg/mL) was added to 2.5 mL of the micellar solution, followed by gentle mixing at 37°C for 1 h and centrifugation at 1600g for 10 min. In order to separate the precipitated cholesterol from the intermicellar cholesterol, the solution was filtered through a 0.22 μm Millipore (Bedford, MA, USA). The concentration of micellar cholesterol in the filtrate was determined by the method of Searcy and Bergquist. [15] Determination of ACE inhibitory activity ACE inhibitory activity of the SFMPH and its enzymatic hydrolysate samples was measured according to the method described by Cushman and Cheung [16] with minor modifications. In the assay, 80 μL of the sample solution (10 mg/mL) was mixed with 20 μL hippuryl-His-Leu (HHL) in 100 mM sodium borate buffer containing 300 mM NaCl at pH 8.3. The above mixture was preincubated at 37°C for 5 min before 20 μL of ACE solution (0.11 U/mL) was added. The reaction was terminated by adding 150 μL of 1.0 N HCl. Released hippuric was extracted by the addition of 1.7 μL ethyl acetate with continuous vortex mixing. After centrifugation at 1600g for 10 min, 1 mL of the upper layer was transferred to a test tube and evaporated in vacuum. The resulting hippuric acid was redissolved in 1 mL distilled water, and the absorbance was measured spectrophotometrically at 280 nm. The concentration of hydrolysate caused a 50% reduction of ACE activity, expressed as the 50% inhibitory concentration (IC 50 ).
Statistical analysis
All results were analyzed by the Duncan test using the Statistical Analysis System (SAS). An α level of 0.05 was set to determine statistical significance.
Results and discussion
Enzyme hydrolysis
The SFMPH hydrolysed with three enzymes (papain, trypsin, or alcalase) for 15-60 min. As shown in Fig. 1 , DH values of enzyme-hydrolysed SFMPH were in the range of 24.0-28.6% during the first 15 min. A gradual rise in DH with time was observed when all three enzymes were used. The highest DH value was found for alcalase hydrolysate (45.2%), followed by trypsin hydrolysate (38.8%) and papain hydrolysate (32.6%) as hydrolysis time was increased to 60 min. Comparing all three proteases for hydrolysis of SFMPH, alcalase showed the highest capability of hydrolysis at comparable hydrolysis times, implying the production of smaller peptides. This indicates that the proteolytic activity of alcalase toward SFMPH is higher than those of trypsin and papain. According to Zhao et al., [17] higher DH values with alkaline proteases (e.g., alcalase and trypsin) than acid or neutral proteases were found also in protein hydrolysates of rice dregs. The hydrolysis of the protein depends on the enzymes and reactions. The results of the study showed that the enzymes employed in the processing affected the SFMPH, leading to the different extents of protein hydrolysis.
Molecular size distribution
The molecular weight distribution profile of SFMPH hydrolysed by various proteases is shown in Table 1 . Hydrolysis of protein or hydrolysate by enzymes was applied to promote the release of low-molecularweight peptides. The SFMPH (without proteases) was rich in the 189-686 Da fraction (approximately 41%). During the first 15 min of digestion by alcalase, trypsin, and papain, the fractions with molecular weight below 686 Da were 92.2%, 82.8%, and 76.4% of the total hydrolysates, respectively. When the hydrolysis time was increased to 60 min, the fraction with molecular weight below 189 increased, with concurrent reduction of the fraction with molecular weight in the range of 189-686 Da. Among all three enzymatic hydrolysates, the percentages of fractions with molecular weight below 189 Da in the papainhydrolysed SFMPH were highest, indicating that papain was much more effective than the other proteases in producing dipeptides. Moreover, all enzymatic hydrolysates were mainly composed of low-molecularweight peptides (<6511 Da). The result indicated that proteases can catalyze intra-chain breakage of peptide bonds. As predicted by DH profile, alcalase showed more extensive hydrolysis than other proteases. This phenomenon obviously suggests that the fraction of 686-6511 Da digested by alcalase could produce smaller peptides. The results are in accordance with those from You et al., [18] who demonstrated that higher For determination of molecular size distribution (%), peak area in the HPLC chromatograms was integrated in reference to the peak area of the standard proteins. Each value represents the mean of triplicate determinations.
DH values for protein hydrolysates indicated more small-sized peptides. The results suggested that the functional properties of the enzymatic hydrolysates were deduced from the characteristic molecular size of the peptides produced, depending on the protease specificity.
Fat adsorption capacity Table 2 shows the effects of SFMPH and its enzymatic hydrolysate samples (60 min hydrolysis) on fat adsorption capacity. Fat adsorption capacity was found to be higher with SFMPH than with other hydrolysates prepared by proteases. Comparing all three of the enzymatic hydrolysates, the highest fat adsorption capacity was observed in SFMPH hydrolysed by papain (1.68 g oil/g hydrolysate), followed by trypsin hydrolysate (1.48 g oil/g) and alcalase hydrolysate (1.35 g oil/g). The decrease in fat adsorption capacity with increasing DH can be attributed to the disruption of the protein network. The result showed that papain hydrolysate adsorbed much more oil than did other hydrolysates, possibly due to the presence of non-polar groups that easily bind oil molecules. In addition, the differences in the molecular sizes of peptides released among the hydrolysates may explain the difference in the fat adsorption capacity. It has been reported that hydrolysates with higher molecular weight prepared from grass carp skin exhibited a greater fat adsorption capacity. [19] Therefore, SFMPH could potentially be used as a functional ingredient in the meat industry. Table 2 shows the effects of SFMPH and its enzymatic hydrolysate samples (60 min hydrolysis) on foaming properties. The foam capacity of SFMPH (57.3%) was much higher than that of SFMPH hydrolysed by proteases (32.3-54.8%). Among the three enzyme-treated hydrolysates, at the same hydrolysis time, alcalase hydrolysate had the poorest foaming properties. As the smaller molecular size in the hydrolysates increased, the foaming capacity and foaming stability of alcalase hydrolysate decreased. The results imply that hydrolysates with smaller peptides could not enhance the formation of a stable film around the gas bubbles. It is apparent that the molecular size of protein hydrolysates is related to the foaming properties. According to Liu et al. [20] peptides with low molecular weights probably have a reduced amphiphilicity and thus do not produce good foaming stability. The foam capacity after whipping for 15, 30, and 60 min was monitored to indicate the foam stability of these hydrolysates. The foam stability of all the hydrolysates gradually decreased with increasing incubation time. Moreover, Jamdar et al. [21] have reported that treating proteins with enzymes releases the peptides in which polarity or hydrophobicity have been altered, which in turn affects the foam capacity or foam stability. Table 2 shows the effects of SFMPH and its enzymatic hydrolysate samples (60 min hydrolysis) on the emulsifying properties. The emulsion capacities of all three enzymatic hydrolysates were Table 2 . Effect of SFMPH after treatment with papain, trypsin, and alcalase for 60 min on functional properties lower than those of SFMPH. Of the three proteases for hydrolysis of SFMPH, the alcalase hydrolysate exhibited the lowest emulsion capacity. The higher emulsion capacity of papain hydrolysates may have been due to the presence of higher-molecular-sized peptides, which were clearly observed in the molecular size distribution profile. It appears that larger-molecular-sized peptides are more effective emulsifiers than smaller peptides are. This may be mainly attributable to the weak interfacial films around the emulsion droplets. The trend in the emulsion properties of hydrolysates in this study corresponds to the foaming properties. Owing to the excessive hydrolysis, enzymatic hydrolysates reduced the emulsifying properties, [22] and the emulsion properties of protein hydrolysates from surimi processing by-products decreased with increasing DH. [23] Mutilangi et al. [24] deduced that hydrolysates with a large molecular size may be amphiphilic, which would contribute to emulsion stability.
Foaming properties
Emulsifying properties
Disintegration of intact cholesterol micelles
The effects of SFMPH and its enzymatic hydrolysates at concentrations of 10 and 20 mg/mL on the disintegration of cholesterol micelles are shown in Table 3 . The cholesterol in mixed micelles can be absorbed efficiently by the intestinal epithelium. Micelles can accommodate a limited amount of sterols and other lipids. The cholesterol concentration in micelles can be lowered in the presence of other sterols. There is a limit to the quantity of cholesterol in micelles; hence, the cholesterol removed from the disintegrated micelles would escape the absorption process and be excreted in faeces. [14] Compared with the control (without hydrolysate addition), SFMPH at a concentration of 10 mg/mL reduced the percentage of intact cholesterol micelles by 20.4%. Further hydrolysis with papain, trypsin, or alcalase affected the stability of the cholesterol micelles and significantly (P < 0.05) reduced the amount of intact cholesterol micelles by 23.0%, 28.3%, and 31.5%, respectively. When the concentration of enzymatic hydrolysates was increased to 20 mg/ mL, the amount of intact cholesterol micelles was significantly (P < 0.05) decreased by 22.6-33.3%. Among the enzymatic hydrolysates, the SFMPH hydrolysed by alcalase was found to have the most potent ability to disintegrate intact cholesterol micelles. Other studies have reported that the hypocholesterolemic activity of trypsin casein hydrolysate can be attributed to the interaction of lysine and arginine residues with cholesterol, leading to a reduction of cholesterol absorption in the intestine. [25] Zhong et al. [26] reported that soy protein alcalsase hydrolysate showed the highest inhibition of cholesterol micellar solubility. This high inhibition was attributed to reduced solubility of cholesterol in micelles, which is related to the DH. Similarly, Zhang et al. [27] evaluated in vitro tests of hypocholesterolemic properties and reported that rice bran hydrolysed by alcalase had the highest micellar cholesterol inhibition ability, relative to other proteases, due to the highest DH and the highest exposition of hydrophobic residues. This could be explained by the presence of alcalase, which can release peptides rich in hydrophobic amino acid residues that can bind bile acids. Therefore, it was speculated that the hydrophobic residues contained in the alcalase-treated SFMPH with a high DH may affect the stability of cholesterol micelles, and thus the residues may have the potential to inhibit the reabsorption of bile acid in the ileum and lower the blood cholesterol concentration.
ACE inhibitory activity
Bioactive peptides can be released by enzymatic proteolysis of food proteins and may act as potential physiological modulators. Released bioactive peptides contain 2-20 amino acid residues per molecule. The low molecular size allows easy passage through the intestinal barrier and subsequent biological activity. [28] As the SFMPH hydrolysed by alcalase exhibited the highest DH and lowest-molecular-size peptides among the three proteases tested, it is likely that alcalase would be the most suitable enzyme for investigating the ACE inhibitory activity of hydrolysate. Captopril is a common orally administered ACE inhibitor used to treat hypertension. The measured IC 50 was 0.0019 μg/mL, which was used as the positive control in this study. As shown in Table 4 , the ACE inhibitory activities of alcalase hydrolysate obtained with different hydrolysis times were higher than that of the SFMPH. In particular, the ACE inhibitory activity of alcalase hydrolysate at a hydrolysis time of 60 min (IC 50 = 0.024 mg/mL) was significantly (P < 0.05) higher than that of other times (IC 50 = 0.073 and 0.031 mg/mL for hydrolysis of 15 min and 30 min, respectively). This finding is similar to that of Vastag et al., [29] who reported that the ACE inhibitory activity in alcalase hydrolysate of pumpkin oil cake increased as DH increased. Furthermore, the hydrolysis time affects the release of ACE inhibitory peptides in hydrolysate, resulting in a different molecular size. It is apparent that the ACE inhibitory activity of smaller peptides is stronger than that of larger ones. The IC 50 value for SFMPH treated by alcalase in this study was lower than that of alcalase hydrolysate from mud snails. [30] The results indicate that the antihypertensive activity of SFMPH could be enhanced by enzymatic hydrolysis of SFMPH. It is possible that SFMPH treated with alcalase had the highest ACE inhibitory activity at 60 min of hydrolysis because it contained more short peptides.
Conclusions
The results indicated that the functional properties and biological activities of SFMPH were determined by the DH and by the enzyme type employed. Among all the enzymatic hydrolysates tested, alcalase hydrolysate had the highest DH and smallest molecular size. The functional properties (i.e., fat adsorption capacity, foaming properties, and emulsifying properties) of SFMPH treated with papain and trypsin are better than those of alcalase hydrolysate. However, hydrolysis of SFMPH by alcalase can produce too many small-sized peptides, which can decrease the amount of the intact cholesterol micelles and exhibit high in vitro ACE inhibitory activity. Therefore, alcalase-hydrolysed SFMPH is a potential bioactive food ingredient for developing functional foods with a beneficial impact on cardiovascular health. Further investigations are necessary to characterize the peptide responsible for hypocholesterolemic and ACE inhibitory activities in alcalase-treated SFMPH. Values (means ± SD of triplicate) in the same column with different superscript letters (v-z) are significantly different (Duncan, P < 0.05).
